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| INTRODUCTION
Epilepsy is a devastating neurologic disorder that affects around 65 million people worldwide. Current antiepileptic drugs are only symptomatic and around one-third of patients do not respond to treatment, highlighting the need to explore new therapies. Many studies have uncovered a connection between epilepsy and neuroinflammation. Brain inflammation is a key mechanism for repair after an insult, and it plays an important role in the pathology of various types of epilepsy.
1,2 A proinflammatory response can contribute to cell death, 3, 4 network excitability, 5, 6 and synaptic reorganization. 7, 8 It has been shown that there is a positive correlation between the expression of translocator protein (TSPO), a biomarker of neuroinflammation, and seizure burden in a rat model of temporal lobe epilepsy (TLE), emphasizing the role of inflammation in epilepsy. 9, 10 Moreover, antiinflammatory approaches during epileptogenesis in animal models of acquired epilepsy can affect seizure development. 2, 11, 12 Prolyl oligopeptidase (PREP), a proline-specific endooligopeptidase, has been proposed to be involved in neurodegeneration, cell proliferation, differentiation, and neuroinflammation. [13] [14] [15] The proposed underlying mechanisms include modification of neuropeptides and alteration of inositol triphosphate, an intracellular signaling molecule, to control gene expression, although no clear role has been established to date. In the healthy brain, PREP is present mostly in neurons: in the cytoplasm, around the nucleus along the microtubules, and at the tips of the neurites. 16 A strong neuroinflammatory condition increases PREP activity and expression in astrocytes and microglia in mouse brain 13 as well as in the astrocytes from resected brain tissue from patients with Parkinson or Alzheimer disease. 17 PREP expression is also upregulated in glial cells after activation with lipopolysaccharide (LPS) 13 and is found to be neurotoxic to co-cultured neuronal cells, an effect that was reversed by PREP inhibitors. 18 Accordingly, administration of antiinflammatory agents in a neuroinflammatory environment restores PREP expression to normal levels. 19 PREP has also been reported to generate peptides that assist chemotaxis in blood neutrophils 20 and may promote their transmigration in epileptic brain. 21 In addition, PREP −/− mice are reported to have defects in growth cone formation 22 and display decreased hippocampal synaptic plasticity with impaired learning and memory. 23, 24 PREP overexpression has been shown to reduce the levels of polysialylated neural cell adhesion molecule (PSA-NCAM), whereas in PREP-negative mice, PSA-NCAM level was increased. 25 PSA-NCAM in turn plays pivotal roles in neurogenesis and plasticity. 26 Loss of PSA-NCAM by upregulated PREP could mediate enhanced acute excitability relevant to epileptogenesis. 27 Abnormal synaptic plasticity with aberrant neurogenesis and neuroinflammation are pathophysiologic hallmarks of TLE. Based on the background that PREP is related to increased neuroinflammation and synaptic plasticity, we hypothesized that PREP inhibition may affect key pathologic mechanisms related to epilepsy and may provide a novel target against epileptogenesis. A previous study has shown alterations in PREP activity in the hours following pentylenetetrazol (PTZ)-induced seizures in rats. 28 This study showed a reduced PREP activity acutely 0.5-3 hours after PTZ-induced seizures. PREP activity measurements in chronic models of TLE or effects of modulating PREP on pathologic outcomes after epileptogenic injury are yet to be investigated. Therefore, we investigated whether PREP can be a novel target that may provide an antiepileptogenic intervention against TLE. PREP expression was evaluated in rat brain at 2 weeks, the time point representing the highest microglia and astrocyte activation in our previous studies, as well as at 3 months, representing chronic epilepsy in a kainic acid-induced status epilepticus (KASE) model. In addition, we evaluated the effects of continuous inhibition of PREP activity on neurodegeneration, neuroinflammation, and hippocampal subgranule zone-cell proliferation by the selective PREP inhibitor KYP-2047, for 2 weeks immediately after SE.
| MATERIALS & METHODS

| Animals
Seven-week-old male Sprague-Dawley rats (Harlan Laboratories B.V., The Netherlands) were single housed under a 12-hour light/dark cycle, in a temperature-and humidity-controlled environment. Food and water were provided ad libitum. Animals were treated according to the guidelines from the European Ethics Committee (decree 86/609/CEE) and the Animal Welfare Act (7 USC 2131). All animal experiments were approved (ECD 2014-74) by the ethical committee of the University of Antwerp (Belgium).
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| Study design
A total of 58 rats were used for the study. Thirty-six rats were used for evaluating PREP activity and investigating the effects of PREP inhibition on neuroinflammation at early periods of disease onset (14-day time point). Of these, 30 rats were subjected to KASE and were randomly assigned to either the KYP-2047 or vehicle-treated group. Osmotic pumps with a selective inhibitor of PREP, 29 KYP-2047 (n = 15, 34 mg/kg/day) or saline (n = 15) were implanted 4 hours after KASE (see section 2.4). After pump implantation, the animals received a loading dose of vehicle or KYP-2047 (17 mg/kg) subcutaneously followed by sustained delivery (34 mg/kg/day). Another 6 animals were included as healthy controls for histologic comparisons. Initial pilot experiments were performed to determine the dose of KYP-2047 and target engagement in brain and plasma. Another 22 rats were included for evaluating PREP activity during the chronic epilepsy period (3 months post-KASE induction). Nine animals underwent SE induction while 13 rats served as healthy control animals. These animals also underwent continuous video-electroencephalography recordings (vEEG) for 2 weeks before they were killed.
| KYP-2047 dose determination
To determine the dose of KYP-2047, the level of PREP inhibition was measured in a pilot experiment following singledose and continuous administration of KYP-2047 in rats. A 17 mg/kg dose of KYP-2047 was shown to be effective before in terms of inhibiting PREP activity in the brain. 30 We tested PREP activity in plasma after a single injection of KYP-2047 in rats (n = 4) at 5, 10, 30 minutes, and at 1, 2, 5, and 24 hours. In addition, brains were collected after a single injection of KYP-2047 at 15 minutes, and at 1, 5, and 15 hours to measure PREP inhibition in brain tissue (n = 4 for each time point). For chronic PREP inhibition, 34 mg/kg/ day (n = 3 for control rats) and 51 mg/kg/day of KYP-2047 (n = 3 each for control and KASE rats) were administered for 1 week using an osmotic pump, after giving a loading dose of 17 mg/kg subcutaneously. Blood samples were collected at 24, 48, and 72 hours and brain was collected at 1 week of treatment.
| Induction of SE and pump implantation
A modified protocol based on the multiple low-dose kainic acid injection protocol of Hellier et al 31 was used for the induction of KASE as described previously. 10 At SE induction, the rats were aged 7.5 weeks with an average weight of 226 ± 4.42 (SD) g. The animals of the vehicle, KASE, and treated KASE group received subcutaneously an initial dose of 5 mg/kg KA (A.G. Scientific Inc.), which was repeated every hour until the animals went into SE. The naive control animals received saline injections only. Osmotic pumps with drug or vehicle were implanted beneath the subcutaneous tissue on the back of the rats under isoflurane anesthesia 4 hours after KASE, as described previously. 9 An additional subcutaneous injection of saline or KYP-2047 (loading dose of 17 mg/kg) was administered immediately after pump implantation. The osmotic pumps (Alzet, 2 mL delivery in 2 weeks; Charles River, France) delivered KYP-2047 (34 mg/kg/day) or saline for 2 weeks continuously.
| vEEG monitoring and spontaneous recurrent seizure evaluation
The animals from the 12-week time point underwent vEEG recording for 2 weeks before being killed. The electrodes were implanted 2 weeks before the commencement of recordings as described previously. 32 The animals were connected to the digital EEG acquisition system (Ponemah P3 Plus; Data Sciences International) through a cable system with commutator for continuous video monitoring. 10 The analysis was performed manually by an observer blinded to the animal ID using Neuroscore 3.0 (Data Sciences International). The identification of the spontaneous recurrent seizures (SRS) was performed as described. 
| Tissue processing
At the end of experiments, all animals were killed by rapid decapitation. Brains were immediately dissected and fresh frozen in 2-methylbutane at −35°C and preserved at −80°C until sectioning. For PREP inhibition experiments, the brain was cut into 2 hemispheres and the left hemisphere was used for western blot and PREP activity measurements, while the right hemisphere was used for histologic evaluations: serial coronal sections (20 μm) were collected at −3.24 mm from bregma (dorsal hippocampus). 33 Slides with sections were postfixed in 4% paraformaldehyde at room temperature for 10 minutes for immunohistochemistry.
| Immunohistochemistry
Immunohistochemical staining was performed to assess neuronal cell loss (NeuN), cell proliferation (Ki67), and the abundance of microglia/macrophages (OX-42), phagocytic cells (CD-68), and astrocytes (Glial fibrillary acidic protein, GFAP). The protocols for NeuN, OX-42, CD-68, and GFAP staining were published previously. 9, 10, [34] [35] [36] [37] The antibodies used in the immunohistochemical experiments are listed in Table 1 . For Ki67 staining, the sections were fixed with 4% paraformaldehyde for 10 minutes followed by incubation with 3% hydrogen peroxide for 5 minutes. Nonspecific binding was blocked using 0.5%Triton X-100 and 5% normal goat serum (NGS) in phosphate-buffered saline (PBS) for 1 hour. Subsequently the sections were incubated overnight at room temperature with a primary monoclonal antibody solution of rabbit anti-Ki67 (1:400; Abcam, UK) in blocking buffer (1% NGS). The sections were then washed and incubated for 1 hour with peroxidase-conjugated goat anti-rabbit secondary antibody (1:200; Jackson ImmunoResearch Lab Inc.) in blocking buffer. Finally, the sections were exposed to diaminobenzidine for 10 minutes.
The region of interest (ROI) was manually delineated based on the morphology of the rat brain. ROI included the entire hippocampal cornu ammonis (CA)1, CA3, CA4, hilar sub-regions, and piriform cortex (PC). The evaluations were done by an investigator blinded to treatment on triplicate (consecutive) sections of which the mean score was used for statistical analysis. The specific details for the different evaluation methods are outlined below. 3, 10, [34] [35] [36] [37] For Ox-42 staining, images of ROIs were taken at 4× magnification with an AxioCam Erc5s (ZEISS, Germany) and converted into 8-bit images in ImageJ. Using ImageJ, an intensity threshold was set visually to detect all stained cells above background. The same threshold was applied for all animals. The full area of the ROI was manually delineated in ImageJ blinded for the treatment group. ImageJ automatically calculates the percentage of the delineated area (ROI) with a gray value above the threshold (% area), representing the abundance of microglia in ROI due to their proliferation and activation.
For NeuN staining, images of ROIs were taken at 4× magnification with an AxioCam Erc5s (ZEISS, Germany) and converted into 8-bit images in ImageJ. Using ImageJ, an intensity threshold was set visually to detect all stained cells above background. The same threshold was applied for all Ki67-positive cells were also counted in the subgranular zone (SGZ), the zone comprising the innermost row of cells in the granule cell layer (GCL) along with 2-cell-diameter thick regions at the GCL/hilar border. 3 The cells were counted in 3 sections and the average number of cells per section was recorded.
| TSPO autoradiography
TSPO expression was determined by in vitro autoradiography with a specific radiolabeled ligand for TSPO, 3 H-PK11195
(PerkinElmer). 10 3 H-PK11195 total and nonspecific binding was quantitatively measured in the ROIs.
| PREP activity in blood and brain tissue
For the preparation of tissue homogenates, 20 mg of N 2 -pulverized rat brain were suspended in 250 μL PREP lysis For determining PREP activity in rat plasma, the fluorescent substrate Z-Gly-Pro-AMC (Bachem, Bubendorf, Switzerland; 250 μmol/L in 5% DMSO) was used. The activities were determined kinetically for 60 minutes at 37°C by measuring the velocity of AMC release (λ ex = 380 nm, λ em = 460 nm). Fluorescence intensity was related to an AMC standard curve in the same buffer. One unit of activity was defined as the amount of enzyme catalyzing the conversion of 1 μmol of substrate in 1 minute under reaction conditions. All activities were normalized to the protein content in the lysates as determined in a Bradford assay.
| Western blotting
The rat brain homogenates were diluted in Laemmli sample buffer (2×) and heat denatured before loading onto a 10% sodium dodecyl sulfate polyacrylamide gel. After complete separation, the proteins were transferred to a nitrocellulose membrane (Bio-Rad, Hercules, California) in 90 minutes at 250 mA in a wet electroblot chamber. Nonspecific binding sites on the membranes were blocked by incubation in 5% bovine serum albumin (BSA) in 50 mmol/L Tris-HCl pH 7.5, 150 mmol/L NaCl (TBS) overnight at 4°C. Then the membranes were incubated with either anti-PREP antibody (rabbit polyclonal antibody described by Julku et al 2018, 1:1000 dilution 39 ) or anti-beta-Actin as loading control (A1978, 1:5000 dilution, Sigma-Aldrich, Overijse, Belgium) in 5% BSA in TBS. Next, the membranes were incubated, respectively, with HRP-goat anti-rabbit (656120), or HRP-rabbit anti-mouse (A10677) 1:5000 dilution, (LifeTechnologies, Ghent, Belgium), for 1 hour at room temperature. The immune reaction was detected using the SuperSignal West Femto substrate kit (Thermo Scientific, Erembodegem, Belgium). Images were acquired with an OptiGo-750 (Isogen Life Sciences, De Meern, The Netherlands) and the densitometry was performed with ImageJ.
| Statistical analysis
The Kolmogorov-Smirnov test showed that not all data sets were normally distributed, and therefore nonparametric tests were used for the analysis. For the 12-week time point, PREP activity and expression were compared between KASE and the control group using the Mann-Whitney U test. For PREP inhibition experiments, the comparison between the 3 groups-naive control, KASE animals treated with KYP-2049, or vehicle-was performed using the KruskalWallis test with a post hoc Dunn's multiple comparison test. All analyses were done using GraphPad Prism 6 software (GraphPad) or R (RStudio) software. Statistical significance was set at P ≤ 0.05.
| RESULTS
| KYP-2047 inhibits the activity but not the expression of PREP
A bolus dose of 17 mg/kg KYP-2047 was consistently found to inhibit PREP activity by around 60% of control values in both blood and brain within the first hour of injection ( Figure 1A) . A bolus dose (17 mg/kg) followed by a sustained administration of KYP-2047 with an osmotic pump F I G U R E 1 Prolyl oligopeptidase (PREP) enzymatic activity time course after administration of (A) a bolus dose of KYP-2047 (17 mg/kg; n = 4 for all time points except for 1 & 5 h where n = 8 rats were used) and (B) a bolus dose followed by a pump implantation delivering KYP-2047 either 34 mg/kg/day (n = 5) or 51 mg/kg (n = 3). Sustained inhibition in PREP activity (60%-70% inhibition in plasma and 80% in brain) was observed following 1 week of KYP-2047 administration, which was similar to the inhibition observed following a single dose of inhibitor. No differences in PREP inhibition was observed between 34 and 51 mg/kg/day; therefore, the lower dose was used for the study. Both 51 and 34 mg/kg/ day dose were well tolerated and no adverse behavioral events were observed. Data are represented as mean ± SD (34 mg/kg/day or 51 mg/kg/day) maintained PREP inhibition at the initial level ( Figure 1B) . Therefore, we chose to use a bolus of 17 mg/kg followed by a 34 mg/kg/day administration of KYP-2047 via an osmotic pump to chronically inhibit PREP activity. Both 34 and 51 mg/kg/day doses were well tolerated without any adverse behavior events. The enzymatic activity of PREP was measured in brain and plasma of KASE rats (both after vehicle or KYP-2047 administration) in comparison with the naive control rats. The activity of PREP was unchanged 2 weeks following the induction of SE, for vehicle-treated KASE rats compared to naive controls (Figure 2A) . PREP activity was also measured 12 weeks after KASE. This period represents the chronic epilepsy period during which KASE rats experience spontaneous recurrent epileptic seizures. The PREP activity in KASE rats was comparable to that of age-matched naive controls ( Figure 2B ). Measured together in a single experiment to avoid interexperiment variation, PREP activity for the 2-week and 12-week time points remained the same during the course of epilepsy progression.
PREP inhibition in KYP-2047-treated KASE rats after 2 weeks was ~85% in brain ( Figure 2A ) and ~40% in plasma ( Figure 2C ) when compared to the vehicle-treated KASE rats. The residual activity in plasma can be attributed to the presence of fibroblast-activating protein (FAP) in plasma but not in brain homogenates. FAP converts the substrate used in the enzymatic assay but is not inhibited by KYP-2047. 40 The amount of immunoreactive PREP in whole-brain homogenates was significantly reduced in KASE rats after 2 weeks when compared to naive controls ( Figure 2D,E) . Treatment of KASE rats with KYP-2047 for 2 weeks did not alter PREP expression compared to vehicle-treated KASE rats. The expression level of PREP in whole brain homogenate at the 12-week time point was not altered compared to the naive controls ( Figure 2F ).
F I G U R E 2
Prolyl oligopeptidase (PREP) specific activity decreased but the expression of PREP remained the same in KYP-2047-treated KASE rats when compared to saline-treated KASE rats. PREP activity measured in brain lysates at (A) 2-week and (B) 12-week time points using the substrate Z-Gly-Pro-pNA. C, PREP activity measured in plasma using the fluorogenic substrate Z-Gly-Pro-AMC after 2 weeks of KYP-2047 administration. D, Representative western blot of PREP in brain lysates at 2 and 12 weeks after KASE induction. Beta-actin (ACTB) was used as a loading control. Quantification of PREP expression in brain lysates at (E) 2 weeks and (F) 12 weeks after KASE induction. Data are represented as median ± interquartile ranges (*P < 0.05, ***P < 0.001) | ALI et AL. The effect of PREP inhibition on cell death was evaluated in SE rats after 2 weeks by NeuN staining ( Figure 3A ). Continuous administration of PREP inhibitor KYP-2047 did not affect NeuN cell counts in any of the evaluated regions compared to the saline-treated KASE animals ( Figure 3A) . Second, the effect of 2-week continuous PREP inhibition on neuroinflammation was evaluated using OX-42 ( Figure 3B ) and CD-68 ( Figure 3C ) staining, which are markers of activated and phagocytic microglia, respectively. KASE rats displayed strong neuroinflammation, as evident by a significant increase in all hippocampal subregions and piriform cortex for the OX-42% area and CD-68 scores, when compared to the naive animals. Administration of KYP-2047 in SE rats did not alter the OX-42% area or the CD-68 scores when compared to saline-treated SE rats. Accordingly, the OX-42% area and CD-68 scores remained significantly higher in both SE groups compared to the control animals, except in the dentate hilus (DH) region where it did not reach statistical significance. Similarly, GFAP scores were significantly higher in all evaluated regions of saline-treated SE rats when compared to naive rats, suggesting a strong astrocytosis following SE induction ( Figure 3D ). However, administration of KYP-2047 did not alter GFAP scores following SE induction. These results were confirmed by measuring the levels of TSPO, an imaging biomarker of inflammation ( Figure 3E ). There was a significant increase in TSPO binding in KASE rats (both saline and KYP-2047 treated) when compared to the naive rats. No effect of KYP-2047 administration was observed in comparison with the saline-treated rats ( Figure 3E ). Finally, we quantified the number of Ki67-positive cells within the subgranule zone of the hippocampus, an area that is known to support neural stem cells and display increased neural cell proliferation following an epileptic seizure. There was a significant increase in the Ki67-positive cells in rats that underwent SE compared to naive rats, suggesting an increased proliferation in these animals ( Figure 3F ). However, KYP-2047 administration did not alter the number of Ki67-positive cells.
F I G U R E 3
| PREP activity during chronic epilepsy was not associated with spontaneous recurrent seizures
Continuous vEEG monitoring of animals for 2 weeks during the chronic epilepsy period revealed that all the animals had developed spontaneous epileptic seizures by this period (median: 6.61 seizures/day [mean: 11.5 seizures/day], with a maximum: 37.4 seizures/day and minimum: 0.65 seizures/ day) with predominantly convulsive seizures (S3-S5 according to the Racine scale). To understand whether PREP activity is related to the seizure outcome during the chronic epilepsy period, we performed correlations of PREP activity with the average number of seizures/day and average number of severe convulsive seizures/day in rats that underwent vEEG monitoring. No significant correlations were observed with respect to the average number of seizures per day (r = 0.2; P = 0.6) or convulsive seizures/day (r = 0.05; P = 0.9) with PREP activity during the chronic epilepsy period.
| DISCUSSION
In the current study, we evaluated the effect of PREP inhibition on the pathogenesis of temporal lobe epilepsy. Continuous administration of a specific inhibitor of PREP strongly reduced the PREP-specific activity at 2 weeks after KASE without a proportional change in its expression levels, as expected for an active-site inhibitor. Although PREPspecific activity was not significantly altered in KASE animals at both time points, a slight but significant reduction in PREP expression was observed at the 2-week time point. Inhibiting PREP activity for 2 weeks immediately after SE did not modify microglia and astrocyte activation, neuronal counts, or hippocampal subgranule zone-cell proliferation. Furthermore, PREP activity during chronic epilepsy did not relate to the seizure burden in epileptic rats. Based on the literature cited in the Introduction, we expected an increased expression/activity of PREP in a strong inflammatory environment. However, PREP activity was not altered in the overall brain homogenate, despite a persistent increase in TSPO binding, activated microglia, and reactive astrocytes observed in KASE animals at both the 2-week and 12-week time points. Instead, there was reduced PREP expression at the 2-week time point after KASE. Of interest, using PTZ to induce seizures, Ahmed and coworkers observed a transient decrease in PREP activity in the hippocampus and frontal cortex that normalized within 1 day. In other brain regions, PREP activity was not statistically changed. 28 Apart from the differences in mode of action between the 2 chemical convulsants, the major difference between the PTZ study and this one is that the former is an acute model, whereas the post-KA induced SE (KASE) model is a chronic model. These short-term changes may not be picked up at the 2-week time point or may be obscured by measuring activity in a total brain homogenate. However, both models are characterized by activation of microglia associated with an increase in PREP activity 41 and neuronal cell loss, with concomitant loss of PREP expression. Failure to correlate PREP activity (unchanged) and PREP expression (decreased) reflects a lack of understanding of the functioning of PREP in the brain. There is evidence that PREP is involved in molecular interactions, eliciting an effect that is independent of its peptidase activity, but nevertheless may be modulated by inhibitor binding. 22, 38, 42 In addition to its involvement in neuroinflammation, PREP has been suggested to play a role in other neurodegenerative diseases and synaptic plasticity. 14, 17, 23 Furthermore, it has been frequently associated with secretion of neuropeptides and related to cognitive functions in the brain. 43 Because these pathologic and biochemical processes are highly relevant to the pathogenesis of TLE, it was reasonable to assume that inhibiting PREP would have beneficial effects by altering some of those functions following KASE induction in rats. Despite a strong inhibition of PREP activity at 2 weeks in KASE animals following treatment, the neuroinflammatory response, cell loss, or cell proliferation remained unaltered. The 2-week timepoint evaluated in this study represented a period for which we have previously reported highest microglia activation, astrocytosis, and TSPO upregulation. 10 Therefore, based on our hypothesis we expected a relation of PREP activity to neuroinflammation as well as a maximum response to PREP inhibition at this time point. Nevertheless, these results are in line with a recent finding from PREP −/− mice, where the absence of PREP did not change basal or post-LPS injection levels of proinflammatory cytokines. 24 As a limitation, our evaluations did not include levels of neuroinflammatory cytokines, but considering the published outcomes 24 we predict a similar result for expression of cytokines following PREP inhibition. Accordingly, we did not observe any temporal changes in the PREP activity during the progression of TLE from initial appearance of SRS (2-week time point) to development of a chronic epileptic condition when frequent SRS are observed. Moreover, no relation of PREP activity in the chronic epilepsy period was observed with the number of SRS/day, suggesting that PREP may not be associated with the appearance/progression of epileptic seizures in this model of TLE. Therefore, it was found not justifiable to study the effect of the PREP inhibitor on SRS or animal behavior over a prolonged period. Despite our findings, we do not rule out the possibility that increasing PREP activity may alter pathologic outcomes in this model. However, considering that PREP activity did not change after 2 weeks in KASE animals, this is not likely.
In conclusion, contrary to previous reports, we found that PREP is not a direct mediator of neuroinflammatory glial activation, cell loss, and hippocampal subgranule zone cell proliferation, at least in the KASE model of epileptogenesis. It is also not altered during the period when chronic SRS are observed in this model. Taken together, these data show that inhibition of PREP may not have any beneficial effects on mitigating epileptogenesis or as an antiepileptic therapy.
